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^ , Abstract 

G^ ■ 

We study dynamical gaugino condensation in superstring effec- 
tive theories using the hnear multiplet representation for the dilaton 
Oh. superfield. An interesting necessary condition for the dilaton to be 

. stabilized, which was first derived in generic models of static gaugino 

condensation, is shown to hold for generic models of dynamical gaug- 
^ . ino condensation. We also point out that it is stringy non-perturbative 

. effects that stabilize the dilaton and allow dynamical supersymmetry 

breaking via the field-theoretical non-perturbative effect of gaugino 
condensation. As a typical example, a toy S-dual model of a dynami- 
cal Eg condensate is constructed and the dilaton is explicitly shown to 
be stabilized with broken supersymmetry and (fine-tuned) vanishing 
cosmological constant. 
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1 Introduction 



Constructing a realistic scheme of supersymmetry breaking is one of the 
big challenges to supersymmetry phenomenology. However, in the context 
of superstring phenomenology, there are actually more challenges. As is well 
known, a very powerful feature of superstring phenomenology is that all the 
parameters of the model are in principle dynamically determined by the vev 's 
of certain fields. One of these important fields is the string dilaton whose vev 
determines the gauge coupling constants. On the other hand, how the dilaton 
is stabilized is outside the reach of perturbation theory since the dilaton's 
potential remains flat to all order in perturbation theory according to the 
non-renormalization theorem. Therefore, understanding how the dilaton is 
stabilized (i.e., how the gauge coupling constants are determined) is of no 
less significance than understanding how supersymmetry is broken. 

Gaugino condensation has been playing a unique role in these issues: 
At low energy, the strong dilaton- Yang-Mills interaction leads to gaugino 
condensation which not only breaks supersymmetry spontaneously but also 
generates a non-perturbative dilaton potential which may eventually stabi- 
lize the dilaton. In the scheme of gaugino condensation the stabilization of 
the dilaton and the breaking of supersymmetry are therefore unified in the 
sense that they are two aspects of a single non-perturbative phenomenon. 
Furthermore, gaugino condensation has its own important phenomenological 
motivations: gaugino condensation occurs in the hidden sector of a generic 
string model 0; it can break supersymmetry at a sufficiently small scale 
and induce viable soft supersymmetry breaking effects in the observable sec- 
tor through gravity and/or an anomalous U(l) gauge interaction 0. 

Unfortunately, this beautiful scheme of gaugino condensation has been 
long plagued by the infamous dilaton runaway problem P, ^. That is, (as- 
suming that the tree-level Kahler potential of the dilaton is a good approxi- 
mation) one generally finds that the supersymmetric vacuum with vanishing 
gauge coupling constant and no gaugino condensation is the only stable mini- 
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mum in the weak-coupling regime. (The recent observation of string duahties 
further imphes that the strong-couphng regime is plagued by a similar run- 
away problem . ) Only a few solutions to the dilaton runaway problem have 
been proposed. Assuming the scenario of two or more gaugino condensates, 
the racetrack model stabilizes the dilaton and breaks supersymmetry with a 
more complicated dilaton superpotential generated by multiple gaugino con- 
densation 0. However, stabilization of the dilaton in the racetrack model 
requires a delicate cancellation between the contributions from different gaug- 
ino condensates, which is not very natural. Furthermore, it has a large and 
negative cosmological constant when supersymmetry is broken. The other 
solutions generically require the assistance of an additional source of super- 
symmetry breaking (e.g., a constant term in the superpotential) It is 
therefore fair to say that there is no satisfactory solution so far. 

Recently, several new developments and insights of superstring phenomenol- 
ogy are now known to play important roles in the above issues, and it is the 
purpose of this paper to show how these new ingredients can eventually lead 
to a promising solution. One of these new ingredients is the linear multiplet 
formalism of superstring effective theories ^: the dilaton superfield can 
be described either by a chiral superfield 5 or by a linear multiplet L |I0|] , 
which is known as the chiral-linear duality. Since the precise field content of 
the linear multiplet L appears in the massless string spectrum and (L) plays 
the role of string loop expansion parameter, stringy information is more nat- 
urally encoded in the linear multiplet formalism rather than in the chiral 
formalism. As will be pointed out later, stringy effects are believed to be 
important in the stabilization of the dilaton and supersymmetry breaking by 
gaugino condensation; therefore, it is more appropriate to study these issues 
in the linear multiplet formalism. 

The other new ingredient concerns the effective description of gaugino 
condensation. In the known models of gaugino condensation using the chiral 
superfield representation for the dilaton, the gaugino condensate has always 
been described by an unconstrained chiral superfield U which corresponds 
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to the bound state of >V"Wa in the underlying theory. It was pointed out 
recently that U should be a constrained chiral superfield |ll], |12|, |13|, |14| due 
to the constrained superspace geometry of the underlying Yang-Mills theory: 



U 



U 



(P^P" - 8R)V, 



(1.1) 



where V is an unconstrained vector superfield. Furthermore, in the linear 
multiplet formalism the linear multiplet L and the constrained U, tJ nicely 
merge into an unconstrained vector superfield V, and therefore the effective 
Lagrangian can elegantly be described by V alone. 

The third new ingredient is the stringy non-perturbative effect conjec- 
tured by S.H. Shenker [|T5|. It is further argued in Q that the Kahler 
potential can in principle receive significant stringy non-perturbative cor- 
rections although the superpotential cannot generically. Significant stringy 
non-perturbative corrections to the Kahler potential imply that the usual 
dilaton runaway picture is valid only in the weak-coupling regime; as pointed 
out in 0] , these corrections may naturally stabilize the dilaton.0 However, it 
may seem futile discussing whether the dilaton can be stabilized or not be- 
cause we do not know what these non-perturbative corrections to the Kahler 
potential really are. On the other hand, in the spirit of effective Lagrangian 
approach it is always legitimate to ask the following interesting questions 
without having to specify the non-perturbative corrections to the Kahler 
potential: What is the generic condition for the dilaton to be stabilized? 
Is supersymmetry broken if the dilaton is stabilized? By studying generic 
models of static gaugino condensation with the above three new ingredients 
included, an interesting necessary condition for the dilaton to be stabihzed 
has been derived in ||T^. It is also shown that supersymmetry is broken 

^Choosing a specific form for possible non-perturbative corrections to the Kahler po- 
tential, has discussed the possibility of stabilizing the dilaton in a model of gaugino 
condensation using chiral superfield representation for the dilaton. However, the issue of 
modular anomaly cancellation was not taken into account. 



3 



as long as the dilaton is stabilized. Furthermore, explicit models with sta- 
bilized dilaton, broken supersymmetry and (fine-tuned) vanishing vacuum 
energy can be constructed. 



As pointed out in [12], the kinetic terms for gaugino condensate naturally 



arise both from field-theoretical loop corrections and from classical string 



corrections [|18| . Therefore, in this paper we would like to address the above 
questions in the context of dynamical gaugino condensation. In Sect. 2, the 
field component Lagrangian for the generic model of dynamical gaugino con- 
densation is constructed, and its vacuum structure is analyzed. In Sect. 3, 
we review the study of static gaugino condensation |T^ which is essential to 
the study of dynamical gaugino condensation later. The role of stringy non- 
perturbative effects in stabilizing the dilaton is also discussed. In Sect. 4, 
the S-dual models of dynamical gaugino condensation are studied. We dis- 
cuss how the model of static gaugino condensation is related to the model of 
dynamical gaugino condensation and its implications. It is shown that the 
necessary condition of dilaton stabilization derived from static gaugino con- 
densation also holds for generic models of dynamical gaugino condensation. 

2 Generic Model of Dynamical Gaugino Con- 
densation 

It will be shown in this section how to construct the component field La- 
grangian for the generic model of dynamical gaugino condensation using the 
Kahler superspace formalism of supergravity ||TP|, We consider here orb- 



ifold models with gauge groups E8®E6(8>U(1)^, three untwisted (1,1) moduli 
(/ = 1, 2, 3) [^T], |2^, and universal modular anomaly cancellation 
[ p^ (e.g., the Z3 and Z7 orbifolds). The confined Eg hidden sector is described 
by the following generic model of a single dynamical gaugino condensate U 
with Kahler potential K: 

K = \nV + g{V,UU) + G, 
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Hefs = J d^9E{{-2 + fiV,UU)) +bVG} + d^^ - e^/^^yy + h.c. } , 
a = -^ln(T^+f^), (2.1) 



I 



where U = -{V^V^ - 8R)V , U = -{VV^, - 8R^)V. We also write 
\nV + g{V,UU) = k{V,UU). The term (-2 + f{V,UU)) of C^ff is 
the superspace integral which yields the kinetic actions for the linear multi- 
plet, supergravity, matter, and gaugino condensate. The term bVG is the 



Green-Schwarz counterterm which cancels the full modular anomaly here. 
b = C/Stt^ = 26o/3, and C = 30 is the Casimir operator in the adjoint 
representation of Eg. b^ is the Eg one-loop /5-function coefficient. Wyy is the 
quantum superpotential whose form is dictated by the underlying anomaly 
structure p5| : 

/ d'9 I e^/'Wyy = l6f/ln(e-^/^f///i^), (2.2) 

where /i is a constant left undetermined by anomaly matching. g{V, UU) and 
f{V,UU) represent the quantum corrections to the tree-level Kahler poten- 
tial. As illustrated in Sect. 1, g{V,UU) and f{V,UU) are taken to be ar- 
bitrary but bounded here. The dynamical model (2.1) is the straightforward 
generalization of the static model in by including the UU dependence in 
the Kahler potential. We can also rewrite (2.1) as a single D term: 

K = \nV + g{V,UU) + G, 
Ceff = J d^OE [(^-2 + f{V, UU) ) + bVG + bV ln(e-^f7f///) } . (2.3) 

Throughout this paper only the bosonic and gravitino parts of the com- 
ponent field Lagrangian are presented. In the following, we enumerate the 
definitions of the bosonic component fields: 
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— 6=6=0 — 


- 8R)V\g^s=„ 
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= 6=6=0 = 




-AFu 


= v'uu=0=o, 
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8 ^ 
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SR^)V^V\e=e=o, 




— J |6=6=0) 






— J 16=6=05 






=0, M = -6i?|6 


=6=0, M = -6R^\g^§=o 



(2.4) 

where ba = —SGa\e=s=o: ^ = — 6-R|6=6=0 5 ^ = — 6-R^|6=6=o are the aux- 
iliary components of the supergravity multiplet. {Fjj — Ffj) can be expressed 
as follows: 

{Fu - Fu) = 42V™S„ + uM - uM, (2.5) 

and {Fu + Fjj) contains the auxiliary field D. We also write Z = UU , and 
its bosonic component z = Z\q^q^q = uu . 

The construction of component field Lagrangian using chiral density mul- 
tiplet method [jl9| has been detailed in , and therefore only the key steps 
are presented here. The chiral density multiplet r and its hermitian conjugate 
f for the generic model (2.1) are: 

r = -8R){[-2 + f{V,UU)) + bVG + bV\n{e-^UU/fi^)}, 

r = - ^(^^^ - 8^^) { ( -2 + f{V, UU) ) + bVG + bV \n{e-^UU/ fi^) } , 
and the component field Lagrangian Ceff is: 

1 1 2 - m a 

'^''ff ^ ~ a'^ ^\e=e=o + 2^^'^^'^T'^a^\9=e=o 

- (V'„^a'">n + M)r|6=6-=0 + ^.C. (2.7) 

We choose to write out explicitly the vectorial part of the Kahler connection 
Ajn and keep only the Lorentz connection in the definition of the covariant 
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derivatives when we present component expressions. The Ajn\g^g^Q for the 
generic model (2.1) is: 



^m\0=e=O 



' Bm + - 



- 3 



(1 - zg.) 



e % 



:V^ln(-). 



4(1 -^^J 

The following are the simplified notations for partial derivatives of g: 



g. 



dg{e,z) 



g. 



dg{e,z) 



(2.8) 



(2.9) 



de ' dz 
and similarly for other functions. 

In the computation of (2.7), we need to decompose the lowest components 

of the following six superfields: X", VaR, V^R^, {V"Xa + V^X") and 

{V'^R + V'^R^) into component fields, where 

- ^(PaP^ - 8i?)P«X, 

-^(p"p«-8i?^)p"/s:, 

8 8 
-G"" [Va,V^]K + 2R^'D^K + 2RV^K 

-{V"G^^ - 2V^R^)V^K 

+ {V%!aa + 2VaR)V''K. 

This is done by solving the following six algebraic equations: 



X^ 

(P°X„ + I)«X") 



3T>aR + Xa 
\ + V^]v^R^ +(l-Z%]x' 



(2.10) 

(2.11) 
(2.12) 



dV 



SV^R^ + X' 



-2{a'^eUTj. 

S", (2.13) 

-2(a'=''e)"^Te,^. (2.14) 
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^1 + {VR + V'^R^) + (^1 - {V^X^ + V^X'^) = A, (2 

?,{V'^R + V'^R^) + {VXa + V^X") = -2i?fej'" + 12^ 

+ 96RR^. (2 

The identities (2.12), (2.14) and (2.16) arise from the structure of Kahler 
superspace. The identities (2.11), (2.13) and (2.15) arise from the definitions 
of X", and {VX^ + V^X^). The computation of (2.10) defines the 
contents of S^, and A. Eqs. (2.8-16) describe the key steps in the compu- 
tations of (2.7). In the following subsections, several important issues of this 
construction will be discussed. 



2.1 Canonical Einstein Term 

In order to have the correctly normalized Einstein term in Ceff-, an 
appropriate constraint should be imposed on the generic model (2.1). There- 
fore, it is shown below how to compute the Einstein term for (2.1). According 
to (2.7), the following are those terms in Ceff that will contribute to the Ein- 
stein term: 

-/eff 3 \[2-f + ^f,-h^{l + ^g,)\{V■'R + &R%^-e^, 

+ ^[zf^+W{l-zgM(\v^^ -r-V'vV)\e=-e=,. (2.17) 
61 \ u u J 

Note that the terms X>^^^ and V'^'HJ are related to V^X^ and V(,X^ 
through the following identities: 

-suv^x'^ + imvV - 8(v%;^a)(T>°u). (2. is) 
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The contributions of {V^R + VW)\e=g=o and {VX^ + VaX^)\Q^g^Q to the 
Einstein term are obtained by solving (2.15-16): 

By combining (2.17-19), it is straightforward to show that the Einstein 
term in Cgff is correctly normalized if and only if the following constraint is 
imposed: 

(1 + zfj{l + ig^) = (1 - zgJil - if^ + /), (2.20) 

which is a first-order partial differential equation. From now on, the study of 
the generic model (2.1) always assumes the constraint (2.20). (2.20) will be 
useful in simplifying the expression of Ceff, and it turns out to be convenient 
to define h as follows: 



ji - if, + f) 

(i + ig.) 



(2.21) 



Furthermore, the partial derivatives of h satisfy the following consistency 
condition: 

{h - ih^){zg^ - 1) + zh^l + £^7j + 1 = 0. (2.22) 

Eqs. (2.21-22) will also be very useful in simplifying the expression of Ceff- 
Notice that /i = 1 for generic models of static gaugino condensation, and 
(2.20) is reduced to an ordinary differential equation []T^. We will show 



in Sect. 4.2 how to construct physically interesting solutions for the partial 
differential equation (2.20). 
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2.2 Component Field Lagrangian with Auxiliary Fields 



Once the issue of canonical Einstein term is settled, it is straightforward 
to compute >Ce// according to (2.8-16). The rest of it is standard and will not 
be detailed here. In the following, we present the component field expression 
of >Ce// ^ the sum of the bosonic Lagrangian jCb and the gravitino Lagrangian 



-eff 



G- 



(2.23) 



\^^B = -\n- ^^{h-^h,){l + ^g,)v^^vJ 

+ Y^zh^{l + ^g,)V'^hl{uu)VJ 
u , (2 — zq)„^ „ 

+ ^K-zg}^^^^V-uVmU 
Au {l-zgj 



2( 



T^^E7T7^(V-F - V-t^)V^ln(^ 
zgj I [t^ +t^) \u 



+ 



zh. 



E (+1 



A{l-zg^)^j{t^ + ¥){tJ + ¥) 



+ 



+ 



E 

i,j 

zh 



2{h + bi)Sij + 



E 



zh. 



[^-zgj 



1 



(2- 



9(1 -zg J 



+ 



AP{l-zg^) 
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+ 



2£ 

i 



h + M - 



h + M 



1 



1 



E 



it' + 



-Br, 



2ih 
1 



3(1 + ^^.) 



(uM - uMf 
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1 



[3 + -/i)(l + £^J]MM 



/ + 1 + h^hl{e-^uu/^x^) 



+ -hA^-zgXFu + M 



+ < 



/ + 1 + W\ii{e-^uu/n^) 
+ U^h, + bi)il-zgJ 
- + ig^){uM + uM) 



{uM + uM) 



>{Fu + Fu) 



16^2 



{eh^ + h + 2be){l + eg^)uu. 



(2.24) 



G 



— -e 



mnpq 



1 



/ + 1 + 6£ln(e-^MM//^*^)] ^(^m^^^n) 

1 
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--[(l-zg^){h + M) 



M) e™(V'„a„V'p)V,ln 



(2.25) 



The bosonic Lagrangian Cb contains usual auxiliary fields and the vector 
field Bm which is dual to an axion. The details of this duality and the 
structure of Cb will be discussed in the following subsections. The gravitino 
Lagrangian Cq is in its simplest form. An important physical quantity in 
Cq is the gravitino mass which is the natural order parameter measuring 
supersymmetry breaking. The expression of follows directly from Cq. 

m- = ( ^\ f + 1 + M\ii{e-''uu/fi^)]u ). (2.26) 



Notice that contains no moduli dependence due to the Green-Schwarz 
cancellation mechanism in the linear multiplet formalism of string models 
with universal modular anomaly cancellation. 



2.3 Duality Transformation of Br 



As pointed out in |jTT], |T^, the constraint (1.1) allows us to interpret the 
degrees of freedom of U as those of a 3- form supermultiplet, and the vector 
field is dual to a 3-form r"^''. Since 3-form is dual to 0-form in four 
dimensions, is also dual to a pseudoscalar a. In this subsection, we show 
explicitly how to rewrite the Bm part of £b in terms of the dual description 
using a. According to (2.24), the Bm terms in Cb are: 

:i + k 



e 



+ 



^ 2£ 



- zg^ 
h + U 



-B'^B,, 



I 

2ih 



h + bi - 



.1 - zg^ 
1 



5" 

E 

I 



V^lnf- 

\u 



Br 



^g. 



it' + in 

uM - uM) V"S, 
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+ 4/1^(1 -;2(7j(V™5„)2. (2.27) 



-Lb^ = aB^Bm + /3V™E^ + CB^ + riV'^Bmf. (2.28) 



They are described by the following generic Lagrangian of B^: 

1 

e 

To find the dual description of Cb,„, consider the following Lagrangian Couai- 

-Couai = aB'^B^ + pV'^Bm + CBm + aV'^Bm - (2.29) 
e 4r 

In C-Duah the auxiliary field a acts like a Lagrangian multiplier, and its equa- 
tion of motion is: 

a = 2rV™B^. (2.30) 

Therefore, Cb,,^ follows directly from C^uai using (2.30). On the other hand, 
we can treat the Bm in Couai as auxiliary, and write down the equation of 
motion for Bm as follows: 

Bra = ^{ V^a + V^(3 - Cm ) • (2-31) 

Eliminating Bm from Couai through (2.31) and then performing a field re- 
definition a =^ a — jS, we obtain the Lagrangian Ca of a: 

-Ca = -^(V^a - r)(V™a - C„) - ^(a - /5)^ (2.32) 
e 4a 4r 

Therefore, Ca is the dual description of Cb^ in terms of a which is interpreted 
as an axion. Notice that the generation of the axion mass in Ca corresponds to 
the appearance of (V™6m)^ in the dual description. In comparison with the 
model of static gaugino condensation ||1^, the model of dynamical gaugino 
condensation has one more axionic degree of freedom a that is massive. As 
will be shown in Sect. 4.1, after integrating out the massive axion a, the 
axionic contents of the dynamical model are indeed identical to those of the 



static model. Therefore, this is consistent with the fact pointed out in [11, 13 



that the (V™Bm)^ term vanishes in models of static gaugino condensation 
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(i.e., = in (2.27)), and therefore the corresponding axionic degree of 
freedom is massless. 

According to (2.27-28) and (2.32), the Ceff defined by (2.23-25) is rewrit- 
ten in the dual description as follows: 

^eff — ^kin + ^pcyt + (2.33) 

where Ckin and Cpot refer to the kinetic part and the non-kinetic part of the 
bosonic Lagrangian respectively. jCq is defined by (2.25). 



e 



l7^- ^(/i-£/iJ(l + £yjV-£VJ 



+ ^ 



— I 



h + M - 
h + bi - 



1 



^^"aV^ln 



E 



m+I 



m+I 



1 

+ 4 



1 

~2 
1 

+ 4 

1 

~ 2 
1 

+ - 



zh 
+ 



(1+^9^) 



h + M 



zK-zg^^^^ 



+ 



+ 



(1+^9^) 



(l-2ffz) 



+ 



h + M - 



h + be 



h + be - 



(1- 






1 


(1- 






1 


(1- 


-2^9z) 




1 


(1- 






1 



n 2 



E 

i,j 



2(/i + 6£)5jj + 



(l-^9z) 



— W'^uVmU 

uu 



E 



m+I 



+ 



(1+^9.) 



h + be - 



1 



(l-^9z) 



(t^ + F) 

^(^^Tf)FTf) 

(t^ + F)(^^ + ^^) 
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1 

+ 4 



zh. 



+ 



(1+^9^) 



h + W 



1 



(2.34) 



e 



pot 



36(1 - ^^J 



uM - uMf 



--[3 + (£/i, -/i)(l+£^J]MM 

y 



3 1 



' ^ [/ + 1 + 6£ln(e-*^'u«//^6) 
+ +^(£/i, + 6£)(l-^^J 

. -\hXl + ^g,){uM + uM) 

+ {h + M)Y: 
1 



J pi pi 



16£2 



{ih^ + h + 2bi){l + ig^)uu 



"I 
uu 



uM + uM ) 



>{Fu + Fu) 



(2.35) 



The b°'ba term has been ehminated by its equation of motion, b"' = 0, and 
Ckin is in its simplest form. Note that the kinetic terms of those axionic 
degrees of freedom a, iln{u/u) and i{P — t^) are more comphcated, which 
essentially reflects the non-trivial constraint (1.1) satisfied by U and U . An 
important issue is the structure of Cpoti and it will be discussed in the next 
subsection. 
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2.4 Scalar Potential 



It is straightforward to solve the equations of motion for the auxihary 
fields 6", F^, F^, M, M and (Fu + F^) respectively as follows: 



Fi 
M 

M 

(Fu + Fu) 



0, 

0, F^ = 0, 

^ 7 + 1 + bnn{e~''uu/ii^) 



{eh, - h) 



/ + 1 + bnn{e-^uu/i/) 



2>iu 
u — ——a, 
4 

3m 

u H —a, 

4 



{ih, + bi) uu 
2zh. T 



/ + 1 + bnn{e-''uu/ii^) 



uu 



(2.36) 



Note that ( |M| ) = 3mg, because (a) = always. To obtain the scalar 
potential, the auxiliary fields are eliminated from Ceff defined by (2.33), and 
Ceff is then rewritten as follows: 



(2.37) 



where Vpot is the scalar potential. Ckin and jCq are defined by (2.34) and 
(2.25) respectively. 



1 ?/?/ 

V,ot = -{ih, + h + 2bi){l + eg,) — 



+ 



6AzK{l-zg^) 
{2-eg^-3zg^ 
64(1 - zgj 



f + 1 + be\n{e-^uulix^) 

+ 2{eh, + be){i- zgj 

2 uu 



uu 



/ + 1 + bnii{e-Hu/ij: 



(h — £h^ — Szhjuu 2 

+ leiX^ " • 



(2.38) 
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Several interesting aspects of Vpot can be uncovered. First, there is always 
a trivial vacuum with {Vpot) = in the specific weak-coupling limit defined 
as follows: 

i ^ 0, z ^ ^ii/e~^/^^ ^ 0, and g{e, z), f{i, z) ^ 0. (2.39) 

Note that quantum corrections to the Kahler potential, g and /, should 
vanish in this limit. As expected, this is consistent with the well-known 
runaway behavior of the dilaton near the weak-coupling limit. 

To proceed further, in the following of this subsection we only study 
Vpot in the 2; <^ 1 regime. Since a physically interesting model of dynami- 
cal gaugino condensation should predict a small scale of condensation (i.e., 
(z) <^ 1), there is no loss of generahty in this choice. Note that in the 
z <^ 1 regime we have h ^ 1, ih^ ^ 0, zh^ fa and zg^ fa up to small 
corrections that depend on z. The structure of Vpot can be analyzed as 
follows: The only axion-dependent term in Vpot is the effective axion mass 
term, the last term in Vpot- In order to avoid a tachyonic axion, the sign of 
the effective axion mass term must be positive. Therefore, the absence of 
a tachyonic axion requires zh^ > 0, which is the first piece of information 
about the C7 [/-dependence of the dynamical model. Furthermore, (a) = 
always, and therefore the last term in Vpot is of no significance in discussing 
the vacuum structure. Because of zh^ > 0, the second term in Vpot is always 
positive. The signs of the first term and the third term in Vpot remain un- 
determined in general; however, near the weak-coupling limit the first term 
is positive and the third term is negative (which is expected because the 
third term is the contribution of auxiliary fields M and M). Notice that 
the second term in Vpot contains a factor ^1), and therefore 

it is the dominant contribution to Vpot except near the path 7 defined by 

= 0. Hence, the vacuum 
always sits close to the path 7. This observation will be essential to the 
following discussion of vacuum structure. 

The second piece of information about the [/[/-dependence of the dy- 
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namical model can be obtained as follows. For < < oo, the first term 
and the third term in Vpot vanish in the limit z generically. If has 
a pole at z = 0, then the second term in Vpot also vanishes for z ^ and 
< £ < oo. Therefore, for those dynamical models whose has a pole at 
z = 0, there exists a continuous family of degenerate vacua (parametrized by 
{£)) with (z) = (no gaugino condensation), = (unbroken supersym- 
metry) and {Vpot) = 0. In other words, in the vicinity of 2; = those models 
always exhibit runaway of z toward the degenerate vacua at 2; = which 
do not have the desired physical features; whether those models may possess 
other non-trivial vacuum or not is outside the scope of this simple analysis. 

On the other hand, the dynamical models whose has no pole at 2; = 
are more interesting. If has no pole at z — 0, then Vpot 00 for 
z ^ and < £ < 00. Therefore, for dynamical models whose has 
no pole at z — 0, there is no runaway of z toward z — except for the 
weak-coupling limit (2.39). Furthermore, it implies that gauginos condense 
{{z) 7^ 0) if the dilaton is stabilized (0 < {£) < 00). Based on the above 
observation, it can actually be shown that supersymmetry is broken (m^ 7^ 0) 
and gauginos condense {{z) ^ 0) if the dilaton is stabihzed: As pointed out 
before, the second term in Vpot is generically the dominant contribution. In 
the following, the second term is rewritten in a more instructive form: 

Vpot ^ + ,hSl^_,gj { + l^i^K + bi){l - zgj\u\ f , (2.40) 

where 



G 



1 



f + 1 + bnn{e-''uu/iJ,^) -lul. (2.41) 



The gravitino mass is related to by = M^, y. If < (£) < 00, then 
(z) 7^ and the second term should vanish at the vacuum (up to small cor- 
rections of order (z)). That is, = ^ 
^^d-ul) 7^ (up to small corrections o: 



G 



:,(^±(ih,+M)il-zgJ\u\)^ 
order {uu)). Therefore, for dynam- 
ical models whose has no pole at 2; = 0, supersymmetry is broken and 
gauginos condense if the dilaton is stabilized. The same conclusion has also 
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been established in the study of static gaugino condensation |T^, which will 
be briefly reviewed in the next section. 

As pointed out before, kinetic terms of the gaugino condensate U nat- 
urally arise from field-theoretical loop corrections as well as from classical 
string corrections. As will be discussed in Sect. 4 these kinetic terms are S- 
duality invariant and correspond to corrections UU/V'^, {UU /V"^^ , ■ ■ • 
to the Kahler potential. This interesting class of S-dual dynamical models 
obviously belongs to the dynamical models whose has no pole at z = 0, 
and therefore it has the nice features established in the previous paragraph. 
In Sect. 4, S-dual dynamical models as well as the issue of dilaton stabiliza- 
tion will be studied in detail. 



3 Review of Static Gaugino Condensation 

Those features of static condensation [|1^] which are essential to the 
study of S-dual dynamical models in Sect. 4 are briefly reviewed here. Con- 
sidering the same string models as those in Sect. 2, we write the generic 
model of a static Eg gaugino condensate as follows: 

K = InV + g{V) + G, 
Ceff = Jd^OE [{-2 + f{V) ) + bVG + bV\n{e-^UU/fi'^) } , (3.1) 

g(V = 0) = and f{V = 0) = 0. (3.3) 

The Kahler potential depend only on V, and the condensate U is therefore 
static. g{V) and f{V) represent quantum corrections to the Kahler poten- 
tial. (3.2) guarantees the correct normalization of the Einstein term. The 
boundary condition (3.3) in the weak-coupling limit is fixed by the tree-level 
Kahler potential. Unlike the partial differential equation (2.20), (3.2) is an 
ordinary differential equation, and therefore giV) is unambiguously related to 
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f(y). Two important physical quantities of the static model are the gaugino 
condensate and the gravitino mass: 

uu = h^,'e^-(f+^y''. (3.4) 

= J^d^D- (3-5) 

They imply that supersymmetry is broken and gauginos condense if the dila- 
ton is stabilized. These three issues are unified elegantly. Furthermore, su- 
persymmetry is broken in the dilaton direction rather than in the direction 
of modulus T^. The generic expression of scalar potential, which depends 
only on is: 

V,ot = + + - 36^£^}/iV-(/+^)/''^. (3.6) 

In order to appreciate the significance of quantum corrections giV) and 
f{y), a simple model with tree-level Kahler potential (i.e., (3.1) with. g{y)= f (y)=Q) 
is considered, and its scalar potential Vpot is shown in Fig. 1-A. Its Vpot is 
unbounded from below in the strong-coupling limit £ — oo, which is caused 
by a term of two- loop order, — 26^£^, in Vpot- This unboundedness simply 
refiects that (non-perturbative) quantum corrections, giV) and /(V^), to the 
Kahler potential should not be ignored, especially in the strong-coupling 
regime. It can be shown that the necessary and sufficient condition for Vpot 
to be bounded from below is: 

2 for ^ ^ oo. (3.7) 

(3.7) can also be interpreted as the necessary condition for the dilaton to 
be stabilized. Furthermore, it has been argued in detail that non- 
perturbative quantum corrections to the Kahler potential may naturally sta- 
bilize the dilaton if (3.7) is satisfied. A nice realization of that argument 
is shown in Fig. 1-B, where the dilaton is stabilized and supersymmetry is 
broken with (fine-tuned) vanishing cosmo logical constant. 
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As the conclusion of this section, we comment on the meaning of the 
quantum corrections, giV) and /(V^), to the Kahler potential. Consider the 
unconfined string effective Lagrangian at the string scale Ms: 

K = InL + g{L) + G, 

Ceff = jd^eE{{-2 + f{L)) + hLG}, (3.8) 

W^Wa = -iVJ)^ - 8i?)L, 

W^yV^ = -{V^V^ - 8R^)L, 

whose confined theory corresponds to (3.1). It is straightforward to compute 
the gauge coupling at the string scale, g{Ms), defined by (3.8) as follows: 

According to (3.9), the um's exponential dependence on g'^{Ms) in (3.4) is 
consistent with the well-known analysis using renormalization group. (3.9) 
is also consistent with the interpretation of g'^{Ms) in the chiral formalism 
of (3.8)0: In the chiral formalism, we always have g'^{Ms) = (2/(s + s)), 
where S is the dilaton chiral superfield and s = SIq^q^q. On the other hand. 



it has been shown ||2T|] that 1/(5* + S) corresponds to L/(l + /) through 

a duality transformation from the linear multiplet formalism of (3.8) to the 

chiral formalism of (3.8). Therefore, the interpretations of g'^{Ms) in both 

formalisms are consistent with each other. In the absence of g{L) and f{L), 

we have the usual relation g'^{Ms) = 2{i) at the string scale ||21[|. Therefore, 

the 1/(1 + /) factor in (3.9) is naturally interpreted as the renormalization of 

^^^(M^) by effects above the string scale; g{L) and f{L) are then interpreted 

as stringy corrections to the Kahler potential. 

The above observation implies that the non-perturbative corrections, g{V) 

and fiV), to the Kahler potential of (3.1) should be interpreted as stringy 

^The chiral formalism of (3.8) is obtained by performing a duality transformation ||20| , 
I21II. 
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non-perturbative corrections. In this interpretation, it is actually stringy 
non-perturbative effects that stabilize the dilaton and allow dynamical super- 
symmetry breaking via the field-theoretical non-perturbative effect of gaug- 
ino condensation. Furthermore, (3.7) is now interpreted as the necessary 
condition for stringy non-perturbative effects to stabilize the dilaton.Q As we 
shall see in the next section, stringy non-perturbative effects also play the 
same crucial role in generic models of dynamical gaugino condensation. 

4 S-Dual Model of Dynamical Gaugino Con- 
densation 

As has been discussed in Sect. 2.3, one of the motivations for studying 
models of dynamical gaugino condensation is the observation that kinetic 
terms of the gaugino condensate naturally arise from field-theoretical loop 
corrections as well as from classical string corrections. For example, the 
relevant field-theoretical one-loop correction has been computed using chiral 



formalism 29, 12 



Cone-loop 3 J d'eEiS + S)^ (W"Wa) (WaW) lu A^, (4.1) 

where A is the effective cut-off and Nc is the number of gauge degrees of 
freedom. Therefore, the confined theory using linear multiplet formalism 
should contain a term which corresponds to (4.1): 

A// 3 /d'^^^, (4.2) 

as well as higher-order corrections (UU/V^) , (UU/V^) , ■ ■ ■ . These D 
terms are corrections to the Kahler potential, and will generate the kinetic 

^In the presence of significant stringy non-perturbative effects, (3.9) could have imph- 
cations for gauge couphng unification. This is considered in the study of multi-gaugino 
and matter condensation iGSl. 



22 



terms for gaugino condensate U. An interesting interpretation of these cor- 
rections is that they are S-duahty invariant in the sense defined by Gaillard 
and Zumino |2^. This S-duahty, which is an SL(2,R) symmetry among ele- 
mentary fields, is a symmetry of the equations of motion only of the dilaton- 
gauge-gravity sector in the limit of vanishing gauge couplings. The implica- 
tion of this S-duality for gaugino condensation has recently been studied in 





[12] using the chiral formalism. 

Motivated by the above observation, we consider in this section models of 
dynamical gaugino condensation where the kinetic terms for gaugino conden- 
sate arise from the S-dual loop corrections defined by (4.2). More precisely, 
we consider the following dynamical model: 

K = \nV + g{V,X) + G, 
Ceff = Jd^eE [{-2 + f{V, X) ) + bVG + bV \n{e-^UU/fi^) } , (4.3) 

(4.4) 

For convenience, we have written the S-dual combination (UU)^ /V as a 
vector superfield X, and therefore its lowest component x = X\g^g^Q is 
X = {uu)^/i = \pzli. Eq.(4.4) guarantees the correct normalization of the 
Einstein term. giy^X) and /(V^X) satisfy the boundary condition in the 
weak-coupling limit defined by (2.39). We also assume that giy.X^ and 
/(V,X) have the following power-series representations^ in terms of X^: 

g{V,X) ^ ^(0)(l/)+^(i)(V).x2 + ^(2)(l/).X^ + ---. 
/(\/,X) = /(o)(y) + + /(2)(y).X^ + .... (4.5) 

Furthermore, ^''^"•'(l^) and /'^"^•'(l^) [n > 0) are assumed to be arbitrary 
but bounded here. The interpretation of each term in (4.5) is obvious: As 

^It should be noted that one can actually start with a more generic dynamical model 
by considering more generic g{V,X) and f{V,X) , and the discussions of Sect. 4 remain 
valid. 
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has been discussed at the end of Sect. 3, ^''■^-'(V^) and f^^\V) are stringy 
non-perturbative corrections to the Kahler potential g^"'\V) ■ X'^'^ and 
f(^)(y)-X'^"' [n > 1) are S-dual loop corrections to the Kahler potential 
in the presence of stringy non-perturbative effects. 

It is also more convenient to use the coordinates {i, x) instead of {i, z) 
for the field configuration space. The component field expressions con- 
structed in Sect. 2 can easily be rewritten in the new coordinates {i, x) 
according to the following rules: 

zg. ^xg^, (4.6) 

where 

^ dg{i,x) ^ dgjt x) 

- de ' ~ dx ^ ' 

on the right-hand side of (4.6) are to be understood as partial derivatives in 
the coordinates {i, x). The scalar potential of this generic model follows 
directly from (2.38): 

Vpot = ^{1 + eg^ - xgj{h + ih^ - xh^ + 2bi ) x'^ 



2 

2 



1 I / + 1 + bnn{e-''uu/fjL^) 

^l6xK{2 -xgj\ +(2-xgJ(£h,-xK+be) 



(4 - 2ig, - xg^ ) r . , , . , n2 



64(2 - xg^ 



/ + 1 + bein{e-^uu/ii'') 



x' 



( 2/t - 2ih^ - xh^ )uu 2 ^^ 

+ 16^^^^ ^^-^^ 

The kinetic terms also follow directly from (2.34). The absence of a tachyonic 
axion requires xh^ > 0. 

As discussed in Sect. 2.4, the S-dual dynamical model considered here 
belongs to the dynamical models whose has no pole at z = 0; part of 
its vacuum structure has already been analyzed in Sect. 2.4. It is concluded 
that supersymmetry is broken if the dilaton is stabilized. Therefore, we will 
focus on the issue of dilaton stabilization in the following subsection. 



24 



4.1 Low-Energy Limit of Dynamical Gaugino Conden- 
sation 

Since a physically interesting model of dynamical gaugino condensation 
should predict a small scale of condensation (i.e., (x) <^ 1), it is clear from 

(4.8) that generally the condensate x and the axion a are much heavier than 
the other fields, and therefore should be integrated out. It is straightforward 
to integrate out a and x through their equations of motion: The equation of 
motion for a is a — 0. The equation of motion for x is 

f + l + bi Inie-'^uu/iJ,'') + {2- xgj{ih,- xh^ + bi) = O + O (x^) . (4.9) 

(4.9) can be re- written in a more instructive form: 

x' = ^^e^'°'-(f'°'+')/'' + 0{x'), (4.10) 

where we have used the fact that g ^ g^^\ f ^ f^'^\ h ^ 1, £g^ ^ ^gf\ 
£f^ ~ £f^^\ ^ 0, xg^ ^ 0, xf^ ^ and xh^ fti up to corrections of 
order O (x^). The (bosonic) effective Lagrangian, Ceff = Ckin — eVpot, of 
the dynamical model (4.3-5) after integrating out a and x is as follows: 



e 



where 



O {x') , (4.11) 



ft ■ he ^ , 

{l + ig(^)) u 
be 1 
[l + igf)) I (F +F) 
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V;„, = ^ { (l + - (1 + Uf - 3b'e } /x^e^*"^ " (f'"'^')/'' 
+ 0(x^). (4.13) 



Furthermore, (4.4) leads to ig^^^ = f^^^ — ifj-^^ to the lowest order in x^. 

In comparison with the static model of gaugino condensation |T^, it is 
clear that the low-energy effective Lagrangian of the dynamical model are 
identical to the Lagrangian of the static model to the lowest order in x^. 
Note that, in (4.13), the O (x^) terms do not depend on the axionic degrees 
of freedom (i.e., iln('u/'u) and i(? — t^)), and therefore these axions remain 
massless, as expected.^ According to the equation of motion for x, (4.10), 
x^ 1 actually holds for any value of i. It implies that only the lowest- 
order terms (in x^) of (4.11) and (4.13) are important, and therefore the 
static model of gaugino condensation is indeed the appropriate low-energy 
effective description of the dynamical model. The above observation implies 
that the necessary and sufficient condition for Vpot of the dynamical model 
to be bounded from below is exactly the same as that of the static model: 

fm_£fio) > 2 for £ ^ oo, (4.14) 

which depends only on stringy non-perturbative effects g^^"^ and f^^\ (4-14) 
does not depend on the details of S-dual loop corrections, and therefore it 
holds for generic S-dual dynamical models. As discussed in Sect. 3, (4.14) can 
also be interpreted as the necessary condition for the dilaton to be stabilized. 
The above analysis shows that it is indeed stringy non-perturbative effects 
that stabilize the dilaton and allow supersymmetry breaking via gaugino 
condensation. 



^On the other hand, these axionic degrees of freedom naturally acquire masses in sce- 
narios of multiple gaugino condensation pa. 
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4.2 Solving for Dynamical Gaugino Condensation 



In the previous subsection, the dynamical model of gaugino condensa- 
tion is analyzed through its low-energy effective Lagrangian. One can also 
analyze the dynamical model directly, and obtain the same conclusion. Here, 
we would like to present a typical example of dynamical gaugino condensation 
as a concrete supplement to the analysis of Sect. 4.1. Solving for dynamical 
gaugino condensation is generically difficult due to the partial differential 
equation, (2.20) or (4.4), which guarantees the correct normalization of the 
Einstein term. On the other hand, only those solutions of (2.20) which are of 
physical interest deserve study. Therefore, in the following we show explicitly 
how to construct the solution for the interesting S-dual model of dynamical 
gaugino condensation defined by (4.3-5). In order to simplify the presentation 
but leave the generality of our conclusion unaffected, we choose a specific form 
for f{V,X) in the following discussion: f{V,X) = f^^\V) + eX"^, where e 
is a constant and \e\ is in principle a small number because X-dependent 
terms arise from loop corrections. In this restricted solution space, (4.4) 
together with the boundary condition (2.39) can be rc-cxpressed as an in- 
finite number of ordinary differential equations with appropriate boundary 
conditions (evaluated at ^ = ^ 0) as follows: 



The associated boundary conditions in the weak-coupling limit are: 



ig[-^ - n (l - /(°) + £/f ) ^(") 



fio)-ifio). 

_^.£^("-i)_£(^_l)^(-i), 



for n> 2. 



(4.15) 



9 



9 



9 



(o)(£ = 0) = 0, /(°)(^ = 0) = 0, 
W(£ = 0) = -2£, 
(")(£ = 0) = for n>2. 



n 



(4.16) 
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Therefore, g(y,X) is unambiguously^ related to f(y,X) in this interesting 
solution space. 

First, notice that the boundedness of g^""^ and Z*^"-* can be guaranteed 
if (4.14) is satisfied. Therefore, the solution defined by (4.15-16)0 exists at 
least for viable dynamical models in the sense of (4.14). Secondly, g^"''^ is 
suppressed by a small factor l^l*^, which is obvious from (4.15-16). There- 
fore, the solution defined by (4.15-16) converges for < 0(l/e). Since a 
physically interesting model of gaugino condensation should predict a small 
scale of condensation (i.e., (x^) -C 1), this solution does cover the regime of 
physical interest .0 

(4.14) is the necessary condition for stringy non-perturbative effects to 
stabilize the dilaton. By looking into the details of the scalar potential, 
it can also be argued [0 that stringy non-perturbative corrections to the 
Kahler potential may naturally stabilize the dilaton if (4.14) is satisfied. 
In the following, the solution defined by (4.15-16) is used to construct a 
typical realization of this argument. Furthermore, as illustrated in Sect. 1, 
it is the typical feature of this example rather than the specific form of 
g{V,X) and /(V", X) assumed in this example that we want to emphasize. 
In Fig. 2, the scalar potential Vpot is plotted versus i and x for an ex- 
ample with f{V,X) = f^^\V)+eX^ and f'^^\V) = A-e~^l^ . There is a 
non-trivial vacuum with the dilaton stabilized at = 0.52, x stabilized 
at (a;) = {\/^m/t) = 0.0024, and (fine-tuned) vanishing vacuum energy 
{ypot) = 0. Supersymmetry is broken at the vacuum and the gravitino mass 
m - = 4 X 10""^ in reduced Planck units. To uncover more details of dilaton 

G 

stabilization in Fig. 2, a cross section of Vpot is presented in Fig. 4. More 

^In fact, there is one free parameter /3 involved due to the fact that g'f^^i = 0) is not 
well-defined in (4.15); this ambiguity can be parametrized by g'f^\^ = 0) = ne"'~^p. We 
take /? = here. 

*The generalization to generic f{V,X) is straightforward. 

^This solution can in principle be extended into the > 0(l/e) regime using the 
method of characteristics. 
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precisely, with the value of (. fixed, Vpot is minimized only with respect to 
x; the location of this minimum is denoted as (£, Xmin(^))- The path defined 
by (£, Xmini^)) is shown in Fig. 3. The cross section of Vpot is obtained by 
making a cut along (£, Xmin{^))', that is, the cross section of Vpot is defined 
as Vp^^{i) = Vpot (^5 a^mm(^))- Fig. 4 shows that the dilaton is indeed stabi- 
lized at {£) = 0.52. Therefore, we have presented a concrete example with 
stabilized dilaton, broken supersymmetry, and (fine-tuned) vanishing cosmo- 
logical constant. One can also consider the stringy non-perturbative effect 
conjectured by [l^, and the generic feature is similar to that of Fig. 2. As 
pointed out in Sect. 1, this is in contrast with condensate models studied 
previously p|, ||, ^ which either need the assistance of an additional source of 
supersymmetry breaking or have a large and negative cosmological constant. 



5 Concluding Remarks 

This paper begins with two generic questions in the context of dynamical 
gaugino condensation: What is the generic condition for the dilaton to be 
stabilized? Is supersymmetry broken if the dilaton is stabilized? First, it 
is emphasized that the linear multiplet formalism of gaugino condensation 
is the framework in which these two questions can be defined and answered 
more appropriately. Secondly, the field component Lagrangian for the linear 
multiplet formalism of generic dynamical gaugino condensation is constructed 
as the grounds of this study; it may also be useful to future studies. 

The second question can be answered in a very generic context: by an- 
alyzing the vacuum structure of generic dynamical models, it is found that, 
for dynamical models whose has no pole at z = 0, supersymmetry is 
broken if the dilaton is stabilized. In particular, a class of well-motivated 
models, the S-dual model of dynamical gaugino condensation, does belong 
to this category. 

As for the first question, it is shown that the low-energy limit of dy- 
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namical gaugino condensation is appropriately described by static gaugino 
condensation. An interesting necessary condition (4.14) for the dilaton to 
be stabilized, which was first derived in the study of static gaugino con- 
densation, is then shown to hold for generic S-dual models of dynamical 
gaugino condensation. Furthermore, the analysis of (4.14) shows that it is 
stringy non-perturbative effects that stabilize the dilaton and allow dynami- 
cal supersymmetry breaking via the field-theoretical non-perturbative effect 
of gaugino condensation. We also present a concrete example where the 
dilaton is stabilized and supersymmetry is broken. 

For the string models considered here, supersymmetry is broken in the 
dilaton direction rather than in the direction of modulus T^. However, the 
hierarchy between the Planck scale and the gravitino mass generated by the 
confined Eg hidden sector is insufficient to account for the observed scale of 
electroweak symmetry breaking. This is simply due to the large gauge content 
of gauge group Eg. In realistic string models, the hidden-sector gauge group 
is in general a product group, and the gauge content of each non-abelian 
subgroup is smaller than that of Eg. Therefore, the hierarchy generated by 
realistic string models could be sufficient to explain the scale of electroweak 
symmetry breaking. On the other hand, the generalization of the current 
study to realistic string models is very non-trivial since multiple gaugino 
condensation as well as hidden matter condensation occurs in generic hidden 
sectors. Furthermore, the cancellation of modular anomaly is also a very 
important issue. These issues together with the stabilization of the moduli 



are considered in |28 
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FIGURE CAPTIONS 



Fig. 1-A: The scalar potential Vpot (in reduced Planck units) is plotted 
versus the dilaton i without non-perturbative corrections to the Kahler po- 
tential. 

Fig. 1-B: The scalar potential Vpot (in reduced Planck units) is plotted 
versus the dilaton £ with appropriate non-perturbative corrections to the 
Kahler potential. 

Fig. 2: The scalar potential Vpot (in reduced Planck units) is plotted 
versus i and x. A — 6.8, B — 1, e — —0.1 and /i=l. (The rippled surface 
of Vpot is simply due to discretization of ^-axis.) 

Fig. 3: Xmin{^) is plotted versus I for Fig. 2. 

Fig. 4: The cross section of the scalar potential, Vpot{(-) = Vpot (^, Xmini^)) 
(in reduced Planck units), is plotted versus I for Fig. 2. 
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